This paper is concerned with the measurement and theory of long-period phosphorescence in solids. The delayed emission is, in such cases, due to the time electrons spend in traps or metastable states before returning to the luminescence centres. The theory shows how the observed decay laws are related to the trap distributions found in Paper I. In alkaline earth phosphors there are equal numbers of traps at all depths over the range considered, and the expression developed shows that the intensity of phosphorescence should be inversely proportional to time. For zinc sulphide phosphors an exponential trap distribution has been found, and this leads to a simple inverse power law for the theoretical decay curve. Measurements of decay on these phosphors utilizing an electron multiplier have confirmed the theory, and put on quantitative basis the connexion between thermoluminescence and long-period decay. At the same time the work provides the first satisfactory and detailed explanation of longperiod decays. The extent Jbo which retrapping of electrons modifies the picture given is discussed.
Introduction
Phosphoresceppe is of two main types. In the one type the delay in emission of light is due to the time an electron spends in the luminescence centre in an excited state. This kind of phosphorescence lasts only for a few milliseconds, and gives an exponential decay curve which is temperature independent (Randall and Wilkins 1945) . In the present work we are concerned with phosphorescence of the other type in which the delay in emission is due to the time an electron spends in a trap. The phosphorescence in this case may continue many hours or days. If the traps are of one depth only, the decay curve will be exponential and highly temperature dependent as in the case of KC1-T1 (Biinger and Flechsig 1931a and 6) ; but in most pases many different trap depths are involved, and the resulting phosphorescence emission is given by the summation of the separate phosphorescence emissions (cf. Curie 1939) due to each trap depth. The form of the decay curve and its dependence on temperature then depend on the distribution of trap depths.
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In the previous paper, Phosphorescence and electron I (to be referred to as Paper I), we have described a method by which the depth of electron traps in a phosphor may be found. In this paper we shall show how the decay curve of phosphorescence is related to the distribution of trap depths. In the theory in this paper and in the previous paper, it is assumed th a t retrapping of electrons (that is, electrons freed from traps being recaptured by traps before they reach' luminescence centres) is a negligible factor, and the extent to which this assumption is justified is discussed in a later section of this paper. (
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ii) Uniform distribution of trap levels
In most phosphors there are trap levels a t many different depths. I t is required to find the phosphorescence for a phosphor in which there is an equal number of traps of all depths: that is, the tr^p distribution is uniform. If Ne is the number of traps between depths E and , then the phosphorescence at time t is given by (from equation (1))
which on integration gives directly I t = nkT/t( 1 -e"8*).
When stf> 1, th at is, after a microsecond, e-8* is negligible and
The decay of many phosphors approximates to this law. In simple terms the reciprocal relation may be derived as follows. The intensity of phos phorescence emission due to release of electrons from traps of a certain depth is proportional to the rate of release of electrons from those traps. The rate of release of an electron from a trap is inversely proportional to the mean time an electron spends in the trap. When there is a continuous distribution of trap depths, a t time t during the phosphorescence, mo emission is due to traps in which electrons spend a mean time because the shallower traps are mostly emptied by th a t time and the deeper traps release electrons too slowly to contribute much to the phosphorescence. If there is an equal number of traps a t all depths, the phosphorescence is a t all times proportional to 1 jt.
(iii) Quasi-uniform trap distributions For a uniform trap distribution the product It is constant. The previous paragraph may be summarized in the form It oc N t, where is the number of traps in which electrons spend a mean time t. This relation holds whether N t is constant or slowly varying.
N t plotted against E is, however, the trap distribution cur approximately the same form as the glow curve. As N toc It and oc log t (equation (1), Paper I), the curve obtained by plotting I t against log t will have the same form as the glow curve. And by equation (6) (Paper I) log t = log where Ta is the glow temperature and T is the temperature a t which phosphorescence takes place. There is, therefore, an almost linear relation depending on s between Ta and logf. If s is chosen suitably, the It-logt curve may be made to fit the glow curve when glow temperature and time are plotted along the same axis. Such a fitting of the two curves provides a value for the constant s. This link between two independent sets of observa tions is verified by experiment and is discussed in a later section.
(iv) Exponential trap distribution Many zinc sulphide phosphors have a trap distribution which, in the region we are concerned with, is approximately exponential in form. Thus N e = Ae~aEdE, and as above
Putting £ = ste~ElkT, the equation then becomes
As st is always large (> 109), the integration may be taken to infinity:
I t is clear from equations (2) and (3) th at the decay law of phosphorescence for a phosphor with a distribution of trap depths will be little dependent on temperature (W. W. Antonow-Romanowsky 1935; de Groot 1939) . While the individual processes involved in phosphorescence are highly temperature dependent, the sum total effect of the processes due to traps of different depths is temperature dependent in quite a different way.
Equation (3) shows that the phosphorescence decays according to a simple inverse power law. For a zero, the case of a uniform trap distribution, the reciprocal law holds; this result agrees with equation (2). When aJcT is unity an inverse square law results. In the past such an inverse square law has been correlated with the idea th at the excited electrons recombine with the empty luminescence centres in the manner of a bimolecular chemical reaction. The delay in emission of light during phosphorescence is, according to this idea, due to the time taken for an excited electron to find an empty luminescence centre. Calculation shows th at the time taken for such a recombination to take place is a small fraction of a second (< 10~5 sec.) and for decay times of an order greater than this the time of phosphorescence must be due to the time an electron spends in a trap.
E xperimental method of measuring long-period PHOSPHORESCENCE DECAY CURVES
A twelve-stage electron multiplier focused by crossed electric and magnetic fields, and with rubidium surfaces, was used to measure the intensity of phosphorescent light. The current in the last stage of the multiplier never exceeded SO/iA and with these conditions the be taken as proportional to the light intensity. The current to the galvano meter could be reduced by a known factor so that the galvanometer light spot could be kept on the scale when the phosphorescence was bright. The deflexions were reproducible to within 3 % and the sensitivity was so great that for the brightest phosphors measurements could be taken after decay had proceeded for as long as a week, a t which stage the phosphor was almost invisible to a well-accommodated eye.
The phosphor was spread on a glass plate in a layer containing about 0*01 g./sq. cm. Excitation was for over a minute by a 125 W Osira mercury arc in a nickel oxide glass bulb, the lamp being distant 20 cm.
P hosphorescence results
In the first section of this paper relations have been established, for a phosphor, between the trap distribution (or approximately, the glow curve) and the phosphorescence decay curve. Two relations have been established: for quasi-uniform trap distributions, the glow curve will have the same form as the JZ-log t phosphorescence curve, and for the special case of an ex ponential distribution the decay will follow a simple inverse power law. These relations have been experimentally confirmed.
Calcium and strontium sulphides
The decay curves for these phosphors are shown in figures 1-4, the product of light intensity and time being plotted against the logarithm of the time. The glow curves are drawn on the same diagrams, a temperature scale being given by equation (6) (Paper I). The value of s was taken as 109 sec.-1, but a better fit of two curves might be obtained if s were rather less (~ 108'5 sec.-1). In figure 1 the decay and glow curve for a ZnS-Cu phosphor (no. 2) is shown on the same scale as the curve for a CaSrS-Bi phosphor. The correspondence between the glow curves and the decay curves was quite good for figures 1-3. Another specimen of SrS-Bi (results not shown) gave an equally good correla tion. In the case of figure 4 the correlation is poor. The phosphor was a CaS-Bi, and the colour of the glow changed strikingly with temperature. On account of this, the form of the glow curve was distorted because the sensitivity of the multiplier altered with wave-length. The correction to the glow curve was obtained by measuring the response of the multiplier to the fluorescence of the phosphor (excited by a constant source of ultra-violet) a t different temperatures. The corrected glow curve makes a much better correlation. This procedure was repeated for all the other phosphors including the zinc sulphide discussed in the next section, but in the tempera ture range considered the correction was found to be small and was not applied. Apart from change in colour of the luminescence the above type of correction may be required because of change in the luminescence efficiency with temperature. 
Zinc sulphide phosphors 397
The glow curve for most zinc sulphide phosphors follows an exponential curve in the region which is associated with room temperature phosphor escence, th a t is, above 300° K (see figure 4, Paper I). As is to be expected, the decay is found to follow a simple power law. In figure 5 the logarithm of the light intensity is plotted against the logarithm of the time: the slope of the fine obtained gives the power of the decay law. Table 1 shows the observed power law and the value calculated from the glow curve assuming the glow curve to correspond exactly to the trap distribution and taking s = 108 sec.-1. When the glow curv exponential the decay is correspondingly not exactly a power law; in such cases the mean value of the theoretical and observed power law is given in the table. The close agreement shown in table 1 should not be over emphasized, because the form of the glow curve can only be said to approxi mate to the form of trap distribution and, as is discussed in a later section, retrapping may to some extent cause the decay curve to differ from the form calculated. The different specimens of ZnS-Cu had rather different trap distributions and correspondingly different decay laws. 
D ependence of decay law on intensity of excitation
The results in table 2 show how the decay curve of a CaSrS-Bi phosphor depends on the exciting intensity. For long times of decay the phos phorescence is independent of the exciting intensity provided th a t the phosphor has been exposed sufficiently long for all the traps to be filled. Under excitation an equilibrium is reached when the rate of release of electrons from traps is equal to the rate of input. For short times of decay shallow traps are involved and, as the rate of release of the electrons is appreciable, these traps are only partly filled when equilibrium is established during excitation. Thus the height and slope of the decay curve increases with exciting intensity when low exciting intensities or short times of decay are considered. Table 2 shows the experimental results for a CaSrS-Bi phosphor (no. 3).
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Total energy stored in a phosphor
Results obtained by Lenard (ref. Lenard, Schmidt and Tomaschek 1928) , who measured in absolute units the total thermoluminescence emission from a phosphor, show th at there are 4-5 photons emitted per luminescence centre. I t is difficult to conceive how more than one photon can be emitted per luminescence centre, and one is led to suppose th at Lenard underestimated the number of luminescence centres. We have not, ourselves, made any measurements on this subject, but Harper, Robinson and Bowtell (1940) have measured the decay curve of an alkahne-earth sulphide phosphor in foot-candles and we have made a calculation based on these figures. We find that there is, during phosphorescence at room temperature, about 1 photon emitted per 105-104 Sr atoms in the phosphor. The number of Bi impurity atoms can hardly exceed this figure, so th at the number of electron traps in the phosphor of depth greater than 0*2 eV is about equal to or greater than the number of impurity atoms. This result confirms Lenard's figure. I t has been assumed in the discussion above th at an electron released from a trap passes immediately to an empty luminescence centre and th at re trapping does not occur. I t is not impossible, however, th at an electron might be retrapped several times, and if this were so the theory of phos phorescence we have given above would have to be modified. The extent of retrapping depends on the relative number of empty traps and empty luminescence centres, and the relative probabilities of capture for the two types of centre. Two experimental approaches, which are discussed below, have been useful in studying this question.
(i) The growth of fluorescence with time Consider a phosphor in which all the luminescence centres are filled and all the traps are emptied, and let there be more luminescence centres than traps. The phosphor is exposed to a constant exciting radiation. At the first instant of exposure there are no empty luminescence centres and all the excited electrons will be captured by traps. As the traps are filled, the luminescence centres are emptied and are available for capturing electrons, so th a t fluorescence results. The fluorescence intensity increases with time and reaches an equilibrium value when all the traps are filled. We will now derive an expression for the growth of fluorescence with time.
Let n be the number of traps per unit volume, a the exciting light intensity, N the number of electrons in the conduction band per unit vol., nx the number of empty luminescence centres per unit vol. Electrons enter the conduction band a t a rate proportional to and leave the conduction band by being captured by empty traps and empty lumin escence centres.
Thus
where A x and A 2 are constants expressing the relative probability of capture of an electron by an empty trap and empty luminescence centre. The rate at which traps are being filled is
d(n -nx + N)/dt = N A 2( n -n x + N),
which is approximately equal to the rate a t which traps are being filled,
Combining equations (4) and (5) dnxjdtaA2(n -n^)lAxnx + A and integrating
This equation expresses the variation of n x with t. The fluorescence emission I is A xN n x, or using equation (4)
To see the form of the I-t curve it is simplest to consider equations (6) and (7) separately. When nx is small, (6) gives n x = I = A xN n x = AJA^.aH /n.
(8)
Hence the I-t curve begins as a straight line with slope When n1 approaches n, nn x) oc e,~aA^Ain,
which means th a t near the equihbrium value the fluorescence intensity follows an exponential curve. Both equations (8) and (9) provide simple ways of finding A xjA 2. Factors which have not been taken into account in the theory are: nonuniform illumination of the phosphor grains, and the finite rate of escape of electrons from traps due to thermal motion and due to absorption of the exciting light.
(ii) Experimental results A ZnS-Cu phosphor (no. 2) was heated in the dark on the glow apparatus to empty all the traps. Then a t room temperature the exciting radiation was switched on. A mercury arc was used with filters of nickel oxide glass and cupric chloride in water, and a W ratten 2 filter was placed over the multiplier which measured the fluorescence intensity.
The curves of figure 6 agree well with the theory given above. The amount of energy stored in the phosphor is given by the area between the rising fluorescence curve and the line drawn at the level of equilibrium fluorescence. This area should be equal to the area under the phosphorescence and glow curves. The amount of stored energy increases with exciting intensity because the electrons have an appreciable rate of escape from the shallower traps, and hence the extent to which these traps are filled increases with the exciting intensity. Table 3 shows the results of figure 6. Ax/A2 may be calculated from the curve using equations (8) and (9). (a, I, t and n are all measured from the curve in units of length and area.)
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The initial part of the curve gives AJA2 = 1*3, and the part of the curve approaching equihbrium gives a value 2-2. The two values agree reasonably well. The meaning of the result is that the cross-sections for electron capture of the traps and luminescence centres are about equal. Figure 7 shows some results for ZnS-Mn at 90° K. The traps in this phosphor are of a depth such that at room temperature very few can be filled, and a t room temperature the fluorescence rises to 95 % of its equili brium value in less than a second. At 90° K most of the electrons are stable. In this case the fluorescence appears to rise instantaneously from zero to about 40 % of the equilibrium fluorescence value. As the galvanometer has a period of 2 sec., the nature of this sudden rise could not be followed. After the sudden rise the fluorescence increases slowly and tends exponentially to an equilibrium value. Table 4 shows the values of the stored energy after different times and intensities of excitation. In all cases for the glow curve is twice -It) dt for fluorescence. Measurements on the brightness of fluorescence a t different temperatures indicate th at the luminescence efficiency changes with temperature. If a correction is made on this basis, the above factor of 2 is reduced to 1*5, but the expected equality is not obtained. A possible explanation is th at the luminescence efficiency is low during fluorescence because some of the fluorescence is produced by ejecting electrons from traps.
To explain the initial instantaneous rise of fluorescence, two explanations suggest themselves. The first explanation is that some of the electrons when excited may reach excitation levels in the luminescence centre and return to the ground state without passing into the conduction band, and these electrons would then give rise to an almost instantaneous fluorescence. Alternatively, there may be empty luminescence centres in the crystal before excitation begins, thus allowing electrons ejected into the conduction band to return almost immediately to the ground state. This idea can also explain the form of the glow curve when the traps are only partly filled (see figure 7 and below). (iii) The glow curve when the traps are partly filled There are two stages in producing a glow curve when the time of excitation is not sufficient for all the traps to be filled. First, during excitation electrons are captured by traps, the number of electrons caught in traps of a certain depth being proportional to the number of such traps and the trap crosssection for electron capture. Secondly, the phosphor is warmed and some of the electrons liberated are immediately captured by luminescence centres and a proportion are captured by deeper traps. The result of this retrapping is th at the partly charged up glow curve is relatively higher at high tempera tures than it would have been if no retrapping had taken place.
Examination of partly charged up glow curves of the type shown in figure 7 indicates th a t the cross-section of all traps of different depth is about the same, and, to account for the small amount of retrapping apparent, it is temperature °K F igure 8. Glow curve for a CaSrS phosphor (no. 4). The two lower curves correspond to partial filling of the traps and the top curve corresponds to saturation conditions. The relative heights of the two peaks in the top curve is clearly different from the relative heights in the lower curves.
necessary to assume th at there are empty luminescence centres in the un excited phosphor-there being about three traps to each empty luminescence centre. Similar results are also indicated for CaS and SrS phosphors (see figure 8) , which also give an instantaneous rise of fluorescence. These con clusions must, however, be regarded as somewhat tentative, as further study is required. Figure 9 shows the fluorescence intensity time curves for an SrS and CaSrS phosphor. The values ofA^A^ given by the cur specimens were heated to about 700° K in the dark oefore the experiment, to ensure th at all the traps were emptied.
The fact th a t the cross-section of traps and luminescence centres is about the same suggests th a t the process of capture is similar in both cases. The capture into a trap is almost certainly non-radiative (though traps might fluoresce in the infra-red a t sufficiently low temperatures); hence it is to be expected th a t the capture of an electron by a luminescence centre is also non-radiative. The only way this can occur is for the electron in the conduc tion band to be first captured into an excited state of the luminescence centre and then to make a luminescence transition within the centre from the excited state to the ground state (Mott and Gurney 1940, p. 108 from the experimental evidence discussed here, this process seems more likely than a direct radiative transition from the conduction band to the ground state of an impurity atom. Support for this idea is also to be found in the fact that phosphors activated with manganese photoconduct and give a quick exponential phosphorescence (Randall and Wilkins 1940) . The exponential decay is associated with the lifetime of an electron in the excited state of a manganese ion.
The effect of retrapping on the phosphorescence decay curve Figure 11 , curve (d) (Paper I) shows the amount of stored energy which is liberated from a SrS-Bi phosphor (no. 1), after phosphorescence has pro ceeded for 80 min. The area under th at glow curve is proportional to the number of empty luminescence centres. The area between curve ( ) and the curve (a) from 370° K upwards is proportional to the number of empty traps in which a trapped electron has a mean lifetime of more than 30 min. The ratio of these areas is 4 : 1. Similarly considering the decay after 10 min., the ratio of the number of empty luminescence centres to the number of empty traps of lifetime greater than 3 min. is 3 : 1. The value of A J A 2 is about 1. Thus a t time t during phosphorescence about 75 % of the electrons being liberated from traps pass almost immediately to luminescence centres, and 25 % are delayed by retrapping for a mean time of about \t. Hence in this case, which is typical of CaS and SrS phosphors, retrapping has very little influence on the decay curve. There will be much less influence still if (as seems likely) there are more empty luminescence centres than there are trapped electrons.
The ZnS-Cu phosphor (no. 2) contains an equal number of trapped electrons and empty luminescence centres. In this case is again about 1, and using the data in figure 10 (Paper I) it has been calculated th at at various times t of decay almost 5 0 % of the electrons being liberated from traps will be retrapped into traps of mean lifetime greater than §£. 50 % of the electrons give phosphorescence emission after a mean delay due to re trapping of about \t. If the phosphorescence is calculated from the trap distribution, it may be said th a t the emission which would take place at time t, if there were no retrapping, does in fact take place a t time t + \t. I t is rather surprising that, even in this case, retrapping does not appear to have a very marked effect on the form of the decay curve.
Magnitude of the constant s
I t has been said in Paper I th a t s should be of the order rather less than that of the thermal vibration frequency of a crystal (~ 1012 sec.-1). Theory cannot, however, give anything more than a rough guess for the magnitude of s until a particular model of a trap is considered. The most accurate experimental value of s, 109'5 sec.-1, has been obtained from measurements of the phosphorescence of potassium chloride (Bunger and Flechsig 1931a) . Our measurements give a value of about lO8*1 sec.-1 for many specimens of zinc sulphide and calcium and strontium sulphides, measurements having been made at 290 and 90° K. We have deduced our value of s from the experi mental material by approximate methods, and for this reason the accuracy of the value we give must not be stressed too much, although two methods, phosphorescence measurements and decay of glow peak measurement, give the same value of s.
A rough value for s has been obtained for F centres in alkali halides (Mott and Gurney 1940, p. 136) from the decrease of photoconductivity at low temperatures. The value obtained is 1010 sec.-1, but several assumptions are made in the calculation. Another value for the same s has been obtained from measurements of the movements of photoelectrons in alkali halides. The cross-section of the F centre trap is calculated from the distance which a photo-electron travels before it is captured by a trap. The s value is related to the cross-section by a formula given by statistical mechanics (Mott and Gurney 1940, p. 108) . The formula cannot, however, be taken as exact because the interaction of the trapped electron with the lattice is not taken into account in deriving the formula. The cross-section of the F centre is 10-15 cm? and by the formula s is 1011 sec.-1. If s is 108 sec.-1 in a phosphor, the cross-section of a trap would be 10-18 cm? We have shown above th at the cross-sections of traps and luminescence centres are about the same in phosphors. If the cross-section of a luminescence centre is as small as 10-18 cm?, the bimolecular theory of short-period phosphorescence may be true. The cross-section of a trap given by measurements of the photoelectric current may correspond to capture of an electron into an excited state of a centre and the cross-section for capture into the ground state may be smaller because an electron may be captured into an excited state and released again several times before it falls to the ground state of the centre.
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